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ABSTRACT 
Data obtained on the  Vela 3A and 3B satellites between July 1965 
and July 1967 have been used t o  study the re la t ive  abundance and plasma 
properties of helium i n  the solar  wind. The long tern average of the 
helium t o  hyd??ogsn density r a t i o  wee 0.037. 
from t h i s  period, gOl-gave helium-hydrogen ra t ios  between 0.01 and 0.08. 
Comparisons with "solar surface" re la t ive  helium abundance measurements 
were made. The long term average of 0.037 i s  less-than the most recent 
determination of the "surface" r a t i o  , i e. 0.063. 
r a t io s  observed were greater than 0.063 only 10% of the t i m e .  
which allow regions of higher helium abundance i n  the solar  chromosphere 
and corona are discussed. Large variations of the helium-hydrogen r a t i o  
were observed even when averages over solar  rotations were computed. 
possible solar  cycle dependence i n  the solar  wind helium abundance is  
suggested. Sudden large increases i n  the solar  wind helium-hydrogen 
r a t i o  are shown t o  correlate well w i t h  Forbush decreases and sudden com- 
mencement geomagnetic storms. Theories re la t ing these increases t o  par t  
of the solar  chromosphere blown out in to  the solar  wind during flares are 





v i r tua l ly  equal at a l l  t i m e s ;  and, a discussion of the phenomena of 
The helium and hydrogen bulk velocit ies were found t o  be 
frozen i n  f l u "  t o  explain t h i s  equality i s  given. It w a s  found tha t  (1 
the  solar  wind ion species are rarely i n  thermodynamic equilibrium. The 
helium temperature w a s ,  on the average, four t i m e s  the hydrogen tempera- 
ture, indicating that the two ion species have equal random velocit ies.  
Suggestions are presented f o r  future extension of t h i s  and related 
research. 
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CHAPTER I 
The chemical composition of the universe and its various'parts is 
of c lass ic  in te res t  i n  astronomy and astrophysics. 
studying elemental abundances are given by Aller 119611: 
The mador reasons for  
1. Comparisons of the  primordial composition of the solar  system 
w i t h  tha t  of the earth and other planets give information . 
on the origin and chemical history of the earth. 
2. Knowledge of elemental abundances is needed t o  construct 
models of the sun and stars. These models add t o  our under- 
standing of the physical and chemical processes tha t  take 
place i n  t h e i r  atmospheres apd the  in t e r s t e l l a r  med ium.  
3. Chemical abundance distributions are  needed t o  t e s t  theories 
re la ted t o  the  synthesis of elements. 
A l l e r  [ 19611 gives f ive  sources of information contributing t o  
the knowledge of universal elemental abundances: the sun and other 
stars, gaseous nebulae and the in t e r s t e l l a r  medium, cosmic rays, the 
earth's crust, and meteorites. 
This paper is limited t o  a study of the re la t ive  solar abundance 
of helium. 
t e m  are very similar t o  most of t h e  observable objects i n  the  universe 
[Unsold, 19691. 
second t o  hydrogen, it is the most abundant element. 
Actually, the compositions of the sun and of the solar  sys- 
A study of helium is of particular in te res t  since, 
Wheeler and Meyer [19681 note tha t  helium.was first discovered on 
the sun. The French astronomer P. Janssen observed the  helium D spectral  3 
2 
line in solar prominences duripg an eclipse on Auguet 18, 1868. 
actually did not reellrte that h+ had seen the helium Dg line, 
that same year, EL British astrophysicist, J. Norman Lockyer, observed 





became convinced that the line was produced by a new element not yet 
seen on earth and subsequently named it "helium" after the Greek word 
"helios ,'I the sun. 
As recent as 
"channels 'I by which 
observations, ra&io 
1964 GinzburB and 
information about 
Syrovatskii 11964 1 listed four 
the cosmos is obtained: optical 
astronomy, gamma ray or X-ray astronomy, and cosmic 
radiation. 
obtained in the form of radiation. 
now be added, solar wind particles and neutrinos. 
These "channels" include processes by which information is 
Two other radiation "channels" can 
Another type of 
channel" has been introduced recently in the form of chemical analysis 
of the lunar surface by aC particle backscatter experiments performed on 
the soft-landing Surveyor Lunar Mission [see Turkevich et al., 19671. 
I 1  
Still another "channel" will be added this year as Apollo 11 astronauts 
collect and bring back lunar surface materials for abundance studies, 
Helium is continually produced by thermonuclear fusion in the 
However, it is generally believed [Fowler, 1967 and sun's interior. 
Unsold, 19691 that the solar surface has not' been mixed with the interior. 
There is mixing of the outer layer, i.e. down to a depth of about 0.1the 
radius, as heat is transferred to the surface by convection. However, 
undance of the photosphere and surface layer is believed 
ed since the sun's birth approximately 4.5 billion 
3 
years ago. Since there is reason to believe 
been neg1ig;tble during this time, a measurement of 
abundance of the surface or osphere is a fa the 
primordial composition. 
The He I and He I1 lines are not observable in a star whose sur- 
face temperature is less than - 10,000 OK [ 
sun's photospheric temperature is less than 6000 OK, solar surface 
measurements of helium are virtually impossible by' spectroscopic methods. 
, 19691. Since the 
> .  
Solar prominences that originate in the chromosphere and extend into the 
lower corona offer the only possible site for spectroscopic observations 
of helium on the sun. 
discovered helium.) 
(It was in the prominences that Lockyer first 
Because the degrees of ionization are not well 
known, and because there are severe deviations from local thermodynamic 
equilibrium, these results are highly uncertain. Uns'cild [1969] gives a 
value of 0.16 for the helium-hydrogen ratio using these spectroscopic 
data. Biswas Fichtel [1964] and Gaustad [1964] have combined solar 
cosmic ray data with spectroscopic data to obtain a solar helium- 
hydrogen ratio of 0.09. They used spectroscopic data from Goldberg, 
E19601 and Aller [1961] for the ratios of hydrogen to 
low-Z nuclei (C, N, 0, and Ne). Theoretical models for cosmic ray pro- 
duction in flares involve temperatures high enough to completely ionize 
ents of He, C, N, 0, and Ne. Since the abundant isotopes of 
ements have the same charge to mass ratio, it was argued that 
out their acceleration 
4 
the  r a t i o  of helium t o  low-Z nuclei (C,  N, 0)  w a s  f a i r l y  constant for 
e ix  mseurements i n  three separate solar par t ic le  events EN meaeursd on 
rocket borne emulsions. 
119641 argued tha t  the combined solar cosmic ray and spectroscopic 
Hence, B i s w a s  - and Fichtel  119641 and Gaustad 
ra t ios  must re f lec t  the t rue  re la t ive  solar  abundance of helium. 
It should be noted here tha t  neither the  spectroscopic measure- 
ments i n  prominences, nor the  solar  cosmic ray data are t rue  solar  
surface measurements 
inences i n  the  chromosphere and lower corona. 
chromospheric phenomena. Thus, these measurements give chromospheric 
or  lower coronal abundances which may be quite different from photo- 
spheric or  surface abundances. 
chapter . ) 
The spectroscopic measuremehts are made i n  prom- 
Similarly, flares are 
(This point i s  discussed i n  a later 
More recently, Lambert E19671 reported that revisions i n  the  
accepted solar  abundances of carbon, oxygen, and nitrogen have been 
made. H e  repeated the earlier calculations of Biswas  - and Fichtel  119641 
and Gaustad 119643 and obtained a solar helium t o  hydrogen density ra t io  
of 0.063 f 0.015. 
Solar wind helium w a s  first ident i f ied by Snyder and Neugebauer 
[1963, 19641 using Mariner 2 e lectrostat ic  analyzer data. Mariner 2 
operated only for  the last four months of 1962. 
hydrogen density r a t i o  during tha t  period w a s  reported by Neugebauer 
- and Snyder [1966b] t o  be 0.046 f 0.038. 
spectra. 
data, obtained an average of 0.042 f o r  the solar wind helium-hydrogen 
The average helium t o  
They used a total. of 1213 
- d. [1967a] , using Vela 3 e lec t ros ta t ic  analyzer 
5 
Their data consisted of 522 spectra taken mer the  40 day period r a t io ,  
'bs$veen July &, 3.965 and Auguet e9, S.965. 
individual helium-hydrogen ra t ios  have been observed by 
Snyder [1966b], Hundhausen e t  al. [1967a], Wolfe and Silva [1965], Wolfe 
-- et al. [1966a], and - Coon [ 19661 . 
Lapge vaqla$iens in the 
-  
The interplanetary magnetic f i e ld .  is  strong enough t o  "shield" 
the solar system from in t e r s t e l l a r  par t ic les  at  solar  wind energies, 
thereby making the solar  system a closed system at  these energies. 
interplanetary magnetic f i e l d  i s  actually an extension of the sun's mag- 
The 
net ic  field. The f ie ld  l ines  are t i e d  t o  the surface of the  sun which 
is rotating. The solar  wind plasma which expands radial ly  outward 
freezes the sun's magnetic f i e l d  into the plasma pulling it out in to  
interplanetary space and producing a f ie ld  structure shaped grossly l i k e  
an Archimedes sp i r a l  (see Figure 1). The structure of the interplane- 
' t a ry  magnetic f ie ld  w a s  proposed by Parker [1958]. The average rota- 
t iona l  period of 'the sun i s  27 days. The t i m e  required fo r  solar  wind 
par t ic les  t o  t rave l  from the sun t o  the earth i s  between 3 and 5 days, 
depending on the bulk flow velocity of the  par t ic les .  
f ie ld  is oriented a t  an angle of about 40° w i t h  the earth-sun l i n e  at 
1 A.U.; even though, the  solar  wind par t ic les  are confined t o  an angular 
sector of 5°-100 about the direction from the sun [see Hundhausen et  al., 
19681. 
The magnetic 
This study has extended the period of observation f o r  solar  wind 
helium; and, long term properties have been obtained. 
been made with solar  "surface" measurements of re la t ive  helium abundances. 
Comparisons have 
6 
MAGNETIC FIELD LINES 
ORBIT OF EARTH 
iND 
Figure 1. Structure of interplanetary magnetic field showing characteristic 
Archlmedes spiral resulting from solar rotation and solar wind 
motion. The structure shown Is produced because the magrmtlc 
field lines of the sun are frozen into the solar wlnd which 
is blowing out into interplanetary space. 
7 
Variations i n  t he  helium-hydrogen r a t i o  were related t o  disturbances i n  
other solar wind parameters. Because the  or igin mechanisms fo r  the  
solar  wind are not understood i n  d e t a i l  and it i s  not known whether 
trapping or  storage of solar  wind par t ic les  i n  the corona exists, no 
attempt has been made t o  r e l a t e  so la r  wind helium properties back t o  
active regions on the so la r  disk. 
Hydrogen densit ies,  bulk veloci t ies  and temperatures as w e l l  88 
helium bulk veloci t ies  ’ and temperatures have been ‘obtained as by-products 
of t he  calculations f o r  the  helium t o  hydrogen density ra t ios .  
sons are made’with e a r l i e r  reports of hydrogen plasma properties. 
re la t ion  studies of the  helium and hydrogen solar  wind parameters have 
Compari- 
Cor- 
also been performed. 
ion veloci t ies  and temperatures were made. 
In  addition, comparisons of the helium and hydrogen 
CHAPTER If 
DESCRIPTION OF EXPERIMENTS AND DATA 
The data used i n  t h i s  study were qbtained from e lec t ros ta t ic  
analyzers flown on the twin, earth o rb i t a l  Vela 3A and 3B sa t e l l i t e s .  
The o rb i t a l  parameters, detector, and data are discussed i n  detail. 
Most of t h i s  discussion is  taken from descriptions given earlier by 
Singer [1965], Coon [1966], Bame et al. [1967], Gosling e t  ale [1967al, - --- 
and Hundhausen -- e t  al. [1967al. 
I. SATELLITES AND ORBITAL PARAMETERS 
The launch and o rb i t a l  parameters are summarized i n  Table I. 
Both satellites were launched with a common booster on July 20, 1965 and 
as of the  Spring of 1969 are  still producing useful data. 
are almost c i rcular .  
Their orb i t s  
The satellites are spin s tabi l ized,  rotat ing at  a 
rate of about 2.2 rev/sec (about 0.8 degrees per millisecond). 
axis l i es  i n  the plane of t he  orbi t  which i s  inclined 60° t o  the eclip- 
The spin 
t i c  plane. Figure 2 i l l u s t r a t e s  the locus of points, i n  the ec l ip t i c  
plane, sampled from the  s a t e l l i t e s ’  orb i t s  over a period of s i x  months. 
The satellites are sepaxated i n  space by approximately 180°, as indi- 
cated i n  Figure 2. 
with respect t o  the orb i t s ,  are also’ shown. 
satel l i te  spends about one-third of the t i m e  i n  the interplanetary 
The positions of the. magnetosphere and bow shock, 
It can be seen that each 
medium outside the  magnetosphere and bow shock. 
are taken t h a t  are representative of the so lar  wind characterist ics.  
During t h i s  t i m e  data 
Only these data are used i n  t h i s  study. 
9 
TABLE I 
VELA 3 LAUHCH AND ORBITAL PARAMETERS 
S a t e l l i t e  
3A 3B 
~ ~~~ ~~ 
Launch Date July 20, 1965 July 20, 1965 
Final Orbit Period (hours ) 111.6 112.0 
Apogee (earth r a d i i )  19.2 20.1 
Perogee (earth r a d i i )  17.7 17.0 
Orbit 's Inclination t o  Ecliptic (degrees) 58.8 58.5 





Figure 2. Regions in the ecliptic plane sampled by the Vel0 satellites. The circle in this figun 
is not a satelllte orbit. but k rather the approxlmatr locus of paints sampled in the 
ecliptic ploiu durlng 6 months time. Vela 3A and 38 satellite8 are separated by 
approximately 180. Q) shown. . 
11 
A spacecraft coordinate system is defined i n  Figure 3. The z- 
axis is taken t o  be along the spin axis of the satellite; and, t he  x- 
axis i s  defined as lying along the sun-satellite l i n e  ( the direction 
a w q r  from the sun is  taken as positive). 
the x and z axes according t o  the r ight  hand convention. 
vector 'i) of a solar wind par t ic le  i n  t h i s  coordinate system makes an 
azimuthal angle 4 w i t h  the  x-axis i n  the x-y plane and a polar angle €9 
The y-axis i s  perpendicular t o  
The velocity 
. .  
taken from the x-y plane. 
11. DETECTOR SYSTEM 
The electrostat ic  analyzer consists of a pair  of concentric hem- 
ispherical electrodes, mean radius 3.585 cm and separation 0.198 cm. 
Programmed potentials are applied across the  electrodes. With a given 
voltage across the plates,  only par t ic les  i n  a narrow range about some 
central  energy Ei can pass between the plates. These par t ic les  are 
counted by an open-ended electron multiplier. The system operates at  
the pressure of f ree  space, i .e. dynes/cm m i l l i b a r s ) .  
The analyzer system is pictured i n  Figure 4. 
2 
Figure 5, taken from Hundhausen e t  al. [1967a], i l l u s t r a t e s  the 
orientation of the analyzer plates w i t h  respect t o  the spin axis of the  
satellite. The acceptance angle i n  the polar coordinate 8 ranges from 
50' below t o  50' above the plane perpendicular t o  the spin axis. 
ance i n  spacecraft azimuthal angle @ is  on the order of a few degrees. 
As t he  spacecraft spins, measurements are made over 8 angular sectors, 5 
of these lying within + 1 5 O  of the sun-satellite l i n e  i n  the equatorial 
Accept- 
12 




Figure 3. Spacecraft coordinate system. The vector V 
represents the direction of a solar wind ion. The 
spin axis is in the plane of the orbit. The y-axis 
is perpendicular to the orbital plane. 9 measures 
the angle of from the x-y plane. 0 measures 
the angle of i? from the x-axis In the x-y plane. 
e 
14 
OUTWARD NORMAL TO 
ENTRANCE APERATURE 
n of the analyzer plates 
spin is clockwise when viewed 
to the spin axis of the satellite. 
iptie plane. (Taken 
t al., 13670.) 
15 
plane of t he  spacecraft. 
in tho general directions of the dawn, midnight, and d w k  mridi 
Measurements i n  each of the  8 angular sectors are made once each second 
(every other rotat ion) .  
defined by a sequence of 8 precise t i m e  delays tha t  are i n i t i a t e d  by a 
The other three sectors are 110' each lying 
The counting intervals  f o r  the 8 sectors are 
pulse from a sun sensor. For the 5 sectors i n  the directions toward 
the sun, the  counting interval  lasts 8 msec, during which the spacecraft 
rotates about 6O. 
spacecraft is  rotating, the in t r in s i c  response of the detector, as 
determined by the  p la te  characterist ics,  represents an average value i n  
the d, direction. 
polar coordinate 
nate is  obtained. 
i n  the  solar wind are included i n  t h i s  interval.  
Because data i n  the @ directidn are obtained as the 
Since the detector acceptance angle is 100' i n  t h e  
, no information on the dis t r ibut ion i n  t h i s  coordi- 
It is  believed, however, tha t  v i r tua l ly  a l l  the ions 
A f t e r  the  data fo r  a given Ei are obtained for  a l l  8 sectors,  the 
voltage on the analyzer plates i s  stepped t o  the next preprogrammed 
level. 'Rie analyzer has 64 voltage levels corresponding t o  energy per 
charge values ranging from 0 . 1 t o  18 kV. 
t ion  of a complete set of data at  64 energies Ei and 8 azimuthal sectors 
The t i m e  required f o r  collec- 
is 256 seconds., In  achm.3. f ac t ,  t he  solar  wind posit ive ions are 
physically limited i n  their  energies and angular range; and, all the  
data fo r  a typical  distribution are obtained i n  about 40 seconds. 
3 
Whether a par t ic le  can pass between the analyzer plates and be 
counted depends on i ts  energy per charge and the angle of incidence with 
respect t o  the aperture's normal (see Appendix A) Assume v; defines 
a par t ic le ' s  velocity corresponding t o  i t s  energy per chcqrge Ei. 
the  voltage across the plates i s  set t o  admit part ic les  with energy per 
Assume 
charge Ei and the analyzer i s  oriented with its aperture normal. t o  the  
@ %I direction. Figure 6 shows the contour of half "efficiency" fo r  a 
detector as a function of the par t ic le ' s  re la t ive  velocity v-vi and i ts  
re la t ive  angle of incidence 6 - 4 
%I 
[1967a]). 
(Figure 6 i s  from Hundhausen -- e t  al.
This contour gives t h e  coordicates, i n  terms of the par t ic le ' s  
, incident velocity and angle, at  which the  number 0: part ic les  t ha t  can 
pass between the plates  and be counted are one-half the number t ha t  can 
be counted at (vi, 9,). 
contour is  only 0.014 vi, o r ,  i n  energy 0.028 Ei. 
half maximum i n  the @ coordinate is  5O. 
The f u l l  width i n  the v coordinate f o r  t h i s  
The full width at  
111. DATA 
The data used i n  this  study were obtained from real-time readouts 
of the s a t e l l i t e s .  The real-time mode of data accumulation and readout 
operated f o r  only about one hour out of four. 
were large gaps i n  the data. 
ground s ta t ions,  fo r  one reason or another, did not interrogate the sate- 
l l i t e s .  Because t h i s  study used data for  a long period of t i m e ,  a good 
sample of average solar  wind conditions i s  obtained. The actual data 
were taken from the  two year period, July 1965 t o  July 1967. 
For that reason there 
Extended gaps were a lso  introduced when 
These data 
had been recorded on magnetic tapes compiled by the Los Alamos Scient i f ic  
Laboratory (LASL) . 
universal t i m e ,  and satel l i te  (3 or  3B) fo r  which counting rate data 
were recorded. 
The tapes contained an identification of t he  date , 
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incldonco . 
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form of the  counts C(Ei,@ ) accumulated 
i n  the  intezysl about t he  central energy 
3 during the counting period 
Ei and i n  the azimuthal aecfor 
Oj. These data were recorded at each of 8 angles 4 fo r  each of 64 
energies Ei. So, the  r a w  data used here represent a counting rate aver- 
aged over a time of measurement y and averaged over a given Solid angle 
i n  an energy interval  specified by the p la te  voltage. A t o t a l  of 10,314 
separate and complete spectra C(Ei, 9 ) for  a l l  64 energies and 8 angu- 
lar sectors were considered acceptable. The c r i t i r i a  fo r  acceptability 
are discussed i n  the  next chapter. 




This chapter discusses the analysis of the  measured data t o  
obtain the helium t o  hydrogen density ra t ios ,  the bulk veloci t ies ,  and 
the  ion temperatures. A description of correlation studies performed 
w i l l  a l so  be given.. 
I. COWPUTATIOH OF 
The angular distribution 
t h i s  study. Data fromthe LASL 
trapezoidal rule  over azimuthal 
energy dependent : 
of the solar  wind w a s  not considered in 
tapes were first integrated by the  
angle t o  obtain spectra which are only 
Because a single spectrum C(Ei) is  taken over a period of about 40 sec- 
onds and because the average solar  wind velocity is on the order of 
400 km/sec (see Chapter 41, the spectrum C(Ei) is an average of the 
conditions i n  the solar  wind over a seeynent about 16,000 km i n  length. 
11. EDITING OF DATA 
The LASL 6600 Control D a t a  Corporation (CDC) computer was  used 
t o  plot  each of approximately 14,000 spectra C(Ei) on 35 mm microfilm. 
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These plots were individually examined to determine whether the data 
were acceptable. 
influence of the earth's magnetosphere which showed no further signs of 
perturbation during the time of collection. 
Acceptable data were defined as spectra outside the 
The LASL tapes had been 
edited by LASL personnel to remove most of the magnetospheric data; how- 
ever, there were some spectra which were taken near the magnetospheric 
boundary that showed signs of being noisy or disturbed by magnetospheric 
influences. These data were rejected. The recording system of the 
electrostatic analyzer had one characteristic which made some of the 
data unacceptable. 




When the scaler, which records the count rate, is 
These spectra are said to have 
Most such "spills" had been detected and corrected earlier by 
However, a small percentage of the remaining data con- 
These were characterized by a peculiarly shaped hydro- 
gen distribution in the C(Ei) spectra. 
were taken over about 40 seconds, the plasma properties sometimes changed 
during the data collection time [see Hundhausen et al. , 1967al. 
spectra usually had double hydrogen peaks and were, therefore, easily 
identified, in which case they were discarded. 
Since the individual spectra 
These 
Only data for the unper- 
turbed solar wind were used. This editing of the data reduced the total 
number of spectra from N 14,000 to the 10,314 mentioned earlier. 
discarded data were those affected by the magnetospheric boundary. 
percentage of "spills" was small  enough that no appreciable bias was 
Most 
The 
introduced by editing. 
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111. METHOD FOR CALCULATING HELIUM TO.HYDR0GEN DENSITY RATIOS 
The energy-per-charge spectra C(Ei), obtained by int.egrating the 
a l w a y s  exhibited a large peak that 
1 
measured spectra C (  Ei , # ) over @ 
is  interpreted as ionized hydrogen, H+ (protons). 
3 '  
I n  addition, the  
opecOra uouallfr aon'tainad e oeoand peak eppaaring et t w i g @  %ha anrrrgy 
per charge of the hydrogen peak. 
L1.963, 19641, t h i s  second peak i s  interpreted as the  contribution from 
doubly ionized helium-four, He++ (alpha par t ic les  1. 
peak i s  He++ has been confirmed by --- Bame e t  al. [1968a] and Ogilvie e t  al. 
119683. 
cation with Vela data, The electron multipliesa an the Vela aaalysars 
Following Snyder and Neugebauer 
4 That the  second 
4 
--- Bame et  al. [1968s] used a pulse height analysis f o r  ver i f i -  
count individual ions at three levels of sensi t ivi ty .  Most of the ions 
are counted at the highest level  of sens i t iv i ty ,  while t he  number 
counted at  the lowest sens i t iv i ty  leve l  i s  highly dependent on, and 
increases with, ion mass and energy. Thus, the r a t i o  of the  counts at 
the lowest sens i t iv i ty  t o  the counts at the highest sens i t iv i ty  level  
w a s  found t o  be greater i n  the helium peak than i n  the hydrogen peak. 
Ogilvie -- e t  al. E19681 used data from an ?! x % detector flown on Ekplorer 
34 t o  separate solar  wind par t ic les  both by their  mass and charge and 
thereby unambigiously.verified that the par t ic les  i n  the first peak are 
1 4 H+ and the par t ic les  i n  the second peak are He++. Bame et al. [1968al 
also ident i f ied several other ion species i n  the Vela 3 solar  wind data; 
however, these ionic densit ies are quite small compared t o  He++. 
example, they observed 0 , f ive ,  s ix ,  and seven t i m e s  ionized. The 






16 4 combined abundance of 0 
eetarA, 
less than 0.1 per cent of He++. 
[19661 have concluded that neutral particle densities in the solar wind 
ions'when compared to He++ was about one per 
4 B a a s  e$ af. [Zg%i8fhl alee, ebaerved Ha:+ aa8 #e+ wi*h ~ b U n a i ~ ~ r b ~ l  
4 Brandt and Hunten [I9661 and Cloutier 
are extremely small. 
studies. The Vela 3 spectra were, therefore, assumed to be composed 
predominantly of H+ and He,+, and that the He++ to H+ density ratio, 
"HelnH' 
Their conclusions were based on theoretical 
1 4 4 1 
is essentially equal to the helium to hy&ogen abundance ratio. 
A typical energy-per-charge spectrum C(Ei) for times when the 
helium and hydrogen peaks are clearly separated is shown in Figure 7. 
The shaded circles are the original measured counting rate data. Occa- 
sionally the helium content dropped to an extremely low value; and, the 
ion temperatures became so high that the second distinct peak of helium 
was not well defined. An example of these spectra is shown in Figure 8. 
Again the shaded circles are the measured data. 
Since this' study was concerned with the helium-hydrogen ratio, a 
method to remove contributions to the helium peak from the tail of the 
hydrogen distribution was employed. This method was suffdciently 
straightforward so that it could be applied to the large amount of exist- 
ing Vela 3 data. The counts accumulated during time * in the interval 
about v 
angle Qj are 
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Figure f .  Typical solar wind spectrum from Vela electro- 
static analyzers for times when spectrum has 
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Figure 8. Typical solar wind spectrum from Vela 3 
electrostatic analyzers for times when spectrum 
does not have a well defined helium peak. 
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where dA i s  the area of the aperture, mo is  the efficiency of the  elec- 
tron multiplier,  f (v, e,@) is  the par t ic le  dis t r ibut ion i n  phase space, 
and T(v, vi, #,4,) is  the transmission function of the analyzer system. 
For the Vela 3 analyzers 
[see Hundhausen et al., 1967al. Then 
A spectral  function F(vi) i s  defined a8 
-% 
formed by integrating the energy-angle data over angle. Note tha t  
26 
where & = 2.15O. It can be shown tha t  i n s  
where E2(x) is  the  error  integral  of X. 
is equal t o  E 
be seen tha t ,  since f(v,,e,#) i s  strongly peaked near$= 0' (Particles 
are incident i n  a small interval  about the  direction from the  sun.) and 
virtually zero near 4 = ~ ,  
Because Fns is  so small, I(+) 
It can fur ther  except wi th in  a few degrees of f.X. 
Also, i n  the  supersonic' solar  wind, f(vi,B,4) is  negligible except i n  
some amal l  range 8 near a value eo, i -e .  the m e a n  thermal velocity is 
much less than the f low velocity [Hundhaussn, 19681. Thus, 
27 
and 
2 dA = 2.9 x lom5 cm rad is the "geometric factor" of q n s 7  where G = 
the detector and 
0 
is the particle density. 
from the spectral function by 
Thus, the density of any ion can be obtained 
28 
Note tha t  the re la t ive  density of any two par t ic le  species, e,.g., alpha 
particles and protons is  
0 
independent of the detector's geometry .factor. 
efficiency depends on the par t ic le ' s  energy (or velocity). 
physical range of veloci t ies  for  solar wind par t ic les  is  very narrow, 
Actually the multiplier 
Because the 
the multiplier efficiencies fo r  a given ion can be considered a constant. 
The electron multiplier operates on the same principle as a photomulti- 
p l i e r  except that the i n i t i a l  secondary electrons ejected from the first 
emission p la te  are produced by the incident ions instead of photons. 
The secondary electrons are emitted from the  surface layer and, there- 
fore,  are dependent-on the ion's incident energy. The number of electrons 
ejected depends on the stopping poyer of the incident ion. The stopping 
power of an ion of charge ze, mass m y  and velocity v incident on a mate- 
rial of charge Ze, excitation potential  I, and density N is  
29 
For solar wind par t ic les  v << c so t ha t  
Since solar  wind alpha par t ic les  have, cn the average, t w i c e  the  energy 
per charge of the protons, t h e i r  energies are, on the  average, about 




So, the multiplier efficiency fo r  alphas should be s l igh t ly  higher than 
fo r  protons i n  a typical  solar  wind spectrum. Laboratory calibrations 
performed on the Vela 3 electron multipliers showed them t o  be approxi- 
mately 90% ef f ic ien t  when counting protons. For these reasons , the  
alpha efficiency was  expectedto be between 90% and 100%. The efficien- 
c ies  of the electron multiplier were assumed t o  be equal f o r  both alphas 
and protons. This assumption introduced a possible error  of as much as 
10% i n  the density r a t i o  determinations. 
The spectral  function F(v,), defined i n  &uation ( 5 )  w a s  assumed 
This assumption was not s t r i c t l y  true; a small amount of t o  be normal. 
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skewness w a s  observed i n  most spectra [see Hundhausen e t  al. 1967al. 
For F(vi) n o w , .  one can write an expression for a continuous distri- 
bution of counts C(E): 
where v is the mean value of the velocity. 
extremely narrow and peaked about vi; hence, the  first order approxima- 
t i on  could be made where terms i n  v t o  first order become v but higher 
order terms were retained. 
The distributions F(vi) were 
Then C(E) reduces t o  
, respectively, C(E) becomes m P  Defining E and as and 
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Taking the  logarithm, w e  obtain 
Again, using the  fac t  tha t  F(vi) w a s  a narrow distribution, one can see 
tha t  I n  v is almost conratant m e r  the  l'ange of hydrogen velocit ies.  
Equation (21) can, t h u ,  be written 
where A and B are constants. 
Equation (22) w a s  used t o  make a l eas t  squares f i t  t o  the meas- 
ured spectra C(Ei) f o r  data beginning w i t h  the second data point past 
t he  hydrogen peak and ending w i t h  the data point where the counting rate 
w a s  greater than or  equal t o  one ha l f  the helium peak counting rate. 
The latter energy w a s  chosen because there was  very l i t t l e  helium con- 
t r ibut ion t o  the t o t a l  counting rate for 'energies less than t h i s  value. 
When the helium peak was  not w e l l  defined, as shown i n  Figure 8, page 24, 
the  f i t  w a s  made w i t h  counting rate data C(Ei) from the second data 
point past the hydrogen peak t o  the data point whose energy per charge 
w a s  greater than or  equal t o  1.6 E 
hydrogen distribution. The 
and 8, page 
where E max m a x  i s  the peak of the 
aight l ines  shown i n  Figures 7, page 23, 
24, show the  range over which the f i ts  we made f o r  those 
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spectra. 'The equation obtained i n  "a f i t  ' to the  observed data was  then 
extrapolated t o  higher energies t o  obtain the corrected hydrogen distri- 
bution. 
were then subtracted from the  t o t a l  measured counting rates C(EI) t o  
obtain the helium distribution. 
and 8, page 
The values of the  counting rate obtained from the  f i t t ed  l i n e  
The open squares i n  Figures 7, page 23, 
The corrected 24, show the result ing helium distributions.  
hydrogen and helium distributions were then integrated over energy t o  
obtain reLative helium and hydrogen densities. 
performed by using the trapezoidal rule. 
ra t ios  "He/nH were obtained from these densit ies.  
Th'e integratfons were 
. H e l i u m  t o  hydrogen density 
An attempt w a s  made t o  set an upper l i m i t  f o r  the helium-hydrogen 
For those spectra where both the  helium and hydrogen peaks were rat io .  
w e l l  defined, a break at the minimum between the two peaks was  made. 
A l l  the  counts less than the energy corresponding t o  t h i s  break point 
were taken t o  be hydrogen and a l l  the counts i n  the spectrum above t h i s  
energy were taken t o  be helium. "his method overestimatedthe helium 
content and underestimated the hydrogen content because the t o t a l  count- 
ing rate at  energies higher than the break point contained some hydrogen 
as w e l l  as helium. 
where the helium peak w a s  not well defined, it w a s  assumed that the 
helium distribution existed w i t h  i ts  peak at  twice the energy per charge 
of the  helium peak. 
In computing a maximum value of nHe/nH fo r  spectra 
The helium content w a s  taken t o  be twice the den- 
s i t y  obtained by integrating.over energy above the  energy Corresponding 
t o  the helium peak. ' Again, t h i s  produced a maximum value of "He/nH be= 
cause the spectra contained hydrogen with energies above the assumed 
helium peak. 
f .  
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IV. METHODS FOR CALCULATING BULK 
VELOCITIES AND TEMPERATURES 
The spectral function F(vi) has also been used to compute the 
mean flow velocity7 and the temperature of the plasma T: 
+ q 
The latter gives a true temperature for an isotropic distribution or for. 
an anisotropic distribution aligned with the flow direction. For an 
anisotropic distribution with a random orientation, it gives a tempera- 
ture "projected" on the flow direction. Direct comparison of tempera- 
tures computed in this paper with those derivedby the two-dimensional 
analysis described in Hundhausen et al. [1967a] reveals differences of 
between 20 and 30%. 
anisotropy was extreme or the temperature was near l o4  OK. 
the one-dimensional values in this paper are sufficiently accurate for 
a comparison of the helium and hydrogen temperatures. 
Exceptions to this were found at times when the 
However, 
The distributions 
of hydrpgen temperatures obtained by t h i s  method and those of Strong& 
- al. E19671 from Vela 2 data, f o r  example, are very similar. 
Results of the calculations described above for  the 10,314 spectra 
are given i n  Appendix C. 
estimate values of nHe/nH, (2) upper l i m i t  values for  
gen densit ies,  (4 )  hydrogen bulk veloci t ies ,  (5 )  hydrogen temperatures, 
(6) helium bulk veloci t ies ,  and (7) helium temperatures. 
stand&d deviations over the two year period have been computed. 
t i m e  average of one of these parameters f is  given by 
Included are the  seven parameters: (1) best 
(3 )  hydro- 
Averages and 
The 
Continuous data fo r  each of the solar  wind parameters were not available 
because of the gaps i n  monitoring data from the sa t e l l i t e s .  
the average of the parameters over the two years of observations, the 
To compute 
two years were divided in to  equal t i m e  intervals %. 
1 
V a l  Ti, different numbers of measurements of the parameters had been 
made, i.e. there were nl measurements made i n  the first time interval,  
n2 i n  t h e  next, etc. 
as 
Within each inter-  
The averages over each time interval  were computed 
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Then the  averages <f> over the  two years were computed as 
using t i m e  intervals Ti of (1) solar  rotations (27 days), (2)  coronal 
replenishment (10 days ) , ( 3 )  one day, and (4) individual measurements 
(256 seconds). The standard deviations obtained are not estimates of 
the  error  i n  calculation, but show the  variation df the  physical param- 
eters. 
One may now ask whether the  average of the solar  wind hel iumto 
hydrogen density r a t i o  obtained a t  1 A.U. can be equated t o  the r a t i o  
i n  the solar surface. A be t t e r  estimate of the solar surface r a t i o  can 
be obtained from the r a t i o  of the total. amount of helium released in to  
the  solar  wind i n  the two years t o  the %total amount of hydrogen released 
in to ' the  solar  wind i n  the  same period. 
hydrogen released fromthe sun i n  a period of. t ime T. 
NH can be obtained from 
Let NH be the t o t a l  amount of 
An estimate of 
where 
T, and 4x(1 A.U.) 
<%tH) is the  average hydrogen flux at  1 A.U. over the  period 
2 The hydrogen flux can is the  surface area at 1 A.U. 
be computed from the product of the number density g, and bulk velocity 
v 
i n  the  period T, denoted by NHe, can be computed. 
- Similarly the t o t a l  amount of helium released in to  the solar wind H' 
The helium flux is 
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the  product of the  helium-hydrogen r a t i o  nHe/nH, hydrogen density %, 
and the bulk helium velocity yHe: 
Then, the r a t i o  of the t o t a l  amount of helium t o  the  t o t a l  amount of 
hydrogen released in to  the solar  wind 5n a period T i s  
To equate t h i s  quantity t o  the solar  surface helium-hydrogen r a t i o  
requires the assumption that  the sun releases hydrogen and helium in to  
the solar wind w i t h  the same r a t i o  tha t  they exis t  on the  surface, The 
val idi ty  of t h i s  assumption w i l l  be discussed i n  detail i n  a later chap- 
ter .  N /N w a s  computed fo r  the two year period of observation. He  H 
V. CORRELATION STUDIES 
Linear  correlation studies have been performed between the pair8 
of different parameters; and, the results are given as correlation 
coefficients. 
Variations i n  the helium t o  hydrogen density r a t i o  were studied 
with particular attention t o  a possible relationship w i t h  solar  act ivi ty .  
For example, averages of nHe/% over solar  rotation periods (27 days)  
and periods of' coronal replenishment (-10 days)  were computed. 
la t ions  t o  sunspot number and 10.7 cm solar radio frequency flux were 
Corre- 
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made. Occasional large jumps i n  the helium-hydrpgen ratio have been 
related t o  r o l a r  flare dieturbsncea i n  the 80lW wind, i . e .  rudden 
commencements of geomagnetic storms and Forbush decreases. Finally, 
correlations of with the K geomagnetic index have also been 
P 
made. A discussion on Forbush decreases, sudden commencements, and the 
x;P index are given i n  Appendix B. 
CHAPTER IV 
RESULTS OF EXPERIMENTS AND ANALYSES 
This chapter gives the detailed results of the  experiments and 
analyses. 
for  the solar  w i 3 d  parameters (a) best estimate of %e/%, (b)  upper 
l i m i t  estimate of %e/%, ( c )  hydrogen density, (d)  hydrogen velocity, 
and (e) hydrogen temperature. The two year averages are computed from 
averages over periods of (a) 27 days, (b) lo 'days,  ( e )  1 day, and (d)  in- 
dividual measurements. 
which the averages for the  long term average is computed is immaterial. 
Table I1 gives the  long term averages and standard deviations 
One can see from Table I1 t ha t  the period over 
I. HYDROGEN PLASMA PROPERTIES 
The properties of solar  wind hydrogen measured here were similar 
t o  those observed i n  other studies,  indicating that  the period of t h i s  
study was i n  no way atypical. 
The distribution obtained fo r  the individual values of the hydro- 
gen densities is shown i n  Figure 9. Individual values ranged between 
0.08 and 40.3 protons/cm . 3 3 The average density w a s  about 5.8 protons/cm . 
This average as well as the range compare well with those reported from 
Mariner 2 by Neugebauer ,and Snyder [1966a,bl who observed densit ies 
between 0.08 and 88 protons/cm w i t h  an average of 5.4 protons/cm . 3 3 
Similar ranges and averages i n  the  hydrogen densities have been reported 
by Wolfe e t  a. [1966b], Coon [1966] , Lazarus et  d. [1966] , Gringauz 
-- e t  al. [19661, and Pai et  al. [19671. 
---
"he dis t r ibut ion fo r  the  individual values of the observed hydro- 
gen bulk veloci t ies  i s  shown i n  Figure 10. Individual values ranged 
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TABLE I1 
W O  YEAR AVERAGES OF SOLAR WIND PARAMETERS 
Averaged Over Periods of 
individual 
measurements 27 days 10 days 1 day 
H Density 5.7kO. 9 5.7%. 4 5.8k3.0 6.0k3.6 
(protons /cm3) 
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Figure 9. Distribution of soiar wind proton densitles 
from Vela 3 data taken between July, 
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Figure 10. Distribution of solar wind proton bulk velocities 
taken from’ Vela 3 data between July, 1965 
and July, 1967. 
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from 238 t o  692 km/sec. The aver.age hydrogen velocity was sbout 
399 w/taecrn It~966~1,b  P W ~ P P I M ~ Z  W L k  Wzeetitibe 
of hydrogen from Mariner 2 ranging from 300 t o  800 km/sec with a daily 
average of 504 “&/see. Lyon 119661 using IMP 1 data from the  MIT plasma 
cup obtained veloci t ies  between 200 and 675 km/sec with an average of 
360 km/sec. 
t o  700 km/sec with an average of 378 km/sec from IMP 1 electrostat ic  
Wolfe e t  al. [1966b] obtained velocit ies ranging from 300 
analyzer data. 
wind hydrogen ranging from 280 t o  750 km/sec using Vela 2 e lec t ros ta t ic  
analyzer data. 
Hundhausen -- e t  al. (1967131 observed: veloci t ies  from solar 
The individual values of the hydrogen temperature, as computed, 
The range of individual proton are distributed as shown i n  Figure ll. 
temperatures was from 1.0 x lo4  O K  t o  3.1 x lo6  OK. 
about 9.7 x lo4  OK. 
3 hour average’of 3 x 10 
wind. 
average of the daily averages w a s  between 1.51 x lo5 O K  and 1.85 x lo5 OK. 
Strong et  al. [1966] reported Vela 2 proton temperatures below lo4 OK. 
- Coon E19681 obtained an average of 1.4 x lo5 O K  w i t h  a most probable 
value of 4.8 x lO4<’K using V e l a  2 data. 
The average was  
Neugebauer and Snyder [1966a,bl obtained a minimum 
4 
O K  fo r  the proton temperatures i n  the solar  
Their individual values were as high as 9.1 x lo5 OK. Their 
. .  
11. HELIUM PLASMA PROPERTIES 
Individual values of the helium t o  hydrogen density ra t ios  
obtained ranged between 8.1 x and 0.417. The distribution of t he  
individual values obtained f o r  the  best estimate of %e/% is shown i n  
Figure 12. The average w a s  about 0.037. The average of the upper limit 
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HELIUM TO HYDROGEN DENSITY RATIO 
Figure 12. Distribution of solar wind helium to hydrogen 
density ratios taken from Vela 3 data 
between July, 1965 and July, 1967. 
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error  enters from s t a t i s t i c a l  errors  result ing from l o w  counting rates. 
"he s imi la r i t i es  between the averages and standard deviations computed 
f o r  the upper l i m i t  estimate of and the best estimate of nHe/% 
indicate tha t  errors introduced i n  separating the helium contribution 
from the  hydrogen were s m a l l .  
NHe/NH, the  estimate of t h e  t o t a l  amount of' helium released from 
the sun into the solar  wind during the two years of observation t o  the  
t o t a l  amount of hydrogen raleased i n  the same period w a s  found t o  be 
0,037, exactly the same as the average of the ra t io .  
The cumulative distribution for  the helium t o  hydrogen density 
r a t i o  i s  given i n  Figure 13. 
ra t ios  greater than 0.10, and 5% had ra t ios  less than 0.01. 
when %e/% w a s  greater than 0.1 usually lasted on the order of a f e w  
minutes t o  a few hours and did not contribute heavily t o  the long term 
average. 
Note that only 2% of the spectra had 
The periods 
The average value of nHe/nII over solar  rotations beginning w i t h  
solar  rotation number 1496 and ending with number 1522 is  plotted i n  
Figure 14.  Note tha t  the average ra t ios  fo r  these 27 day periods ranged 
from 
one solar rotation t o  the next. 
each 27 aaJr average is shown on the figure. 
about 0.02 t o  about 0.065. Large variations were observed from 
The number of spectra used t o  compute 
Most used several hundred 
spectra. 
spot number. 
Also plotted are monthly averages of the smoothed Zurich sun- 
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on the solar disk and is the quantitative index of the solar cycle. 
One observes a gradual increase in sunspot number over the rise in 
solar cycle. 
indicated by a dashed line. 
A least squares fit to the .27 day averages of nHe/% is . .  
!be. gradual rise in the fit of the helium- 
hydrogen rotioo sug@3rto e poooiblr drgendenor a f  nKe/xaH on the @al&r 
cycle. 
Brandt [1966] suggested that the solar corona is replenished in 
a period of one to two weeks. 
represent coronal replenishment time) are shown in Figure 15 as a thin 
line. 
Averages over 10 diy periods (taken to 
Averages over 27 day periods are superimposed on the figure as 
bold lines fo r  conparieon with the fine structure variations in the 10 
day periods. Note that the 10 day periods have much larger variations 
from one period to the next suggesting the composition of that part of 
the corona giving rise to the solar wind undergoes substantial varia- 
tions. Because of the gaps in the Vela data, averages over smaller 
periods may include sampling effects. 
A comparison of the helium and hydrogen velocities was made from 
the observed spectra. The distribution for the ratio 5 /t is shown 
in Figure 16. 
width at half maximum was 0.03. 
always almost equal. The variations from unity obtained were within 
the errors in calculating the separate velocities. 
velocities for hydrogen and helium indicate the average energy per 
He H 
The average of FHe/FH was found to be 1.02 and the full  
Thus, the observed velocities were 
Note that equal bulk 
helium ion is four times the average ene,rgy per hydrogen ion, i.e. 
%eZ 4EII' 
c: c: 0 0 
0 0 d d 
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HEblUM/HYDROGEN BULK VELOCITY 
Figure 16. Distribution of O H E / V H ,  the helium bulk 
velocity to hydrogen bulk velocity ratio. 
Data used from Vela 3 electrostatic 
analyzers between July, 1965 and duly, 
1967. 
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The temperatures of helium and hydrogen were compared by com- 
puting their ratios THe/TH* The dis tribut ign of THe'TH is shown in 
Figure 17. 
maximum was about 2.5. This confirms the earlier results of Neugebauer 
The mean was found to be 4.02; and, the full width at half 
- and Snyder [1966a,b] and Hundhausen et al, [1967al based on much smaller 
samples of data. Note that the average ratio of THe/TH indicates the 
average random energy per helium ion is four times the average energy 
per hydrogen ion, i.e. THe $S 4 TH. 
", 4.0 was obtained. 
Thus, the resiilt TH,/TH 
111. liESULTS OF CORRELATION STUDIES 
The relation of the helium-hydrogen ratio to other solar wind 
parameters was studied by linearly correlating the individual values of 
the various quantities. Table I11 gives the matrix of correlation coef- 
ficients obtained. 
with any of the other parameters. 
The helium-hydrogen ratio did not correlate well 
Of particular interest is the fact 
that the hydrogen density had an extremely low correlation coefficient 
when related to 
obtained when nHe/nH and the hydrogen flux %YH were related. 
equality of the hydrogen and helium velocities is demonstrated by a 
correlation coefficient of 0.99. 
A correlation coefficient of -0.04 was also 
The 
The temperatures had a correlation 
coefficient of 0.72. 
The correlation of bulk velocities with %e/% was tested for 
periods when "He/nH was high, i.e. greater than 0.07. 
was about the same as that .computed using all the ratio data. 
The coefficient 
The 
0 0 0 0 
0 0 0 
c3 ty 2 O O  
0 0 
0 0 
h 9 u r '  t 
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TABLE I11 
CORRELATION MATRIX FOR SOLAR WIND PARAMETERS 
I - 
vH H. D e n s i t y  %einH 
- 
TH vHe THe 
"HJ~H 





1.00 -0.12 0.23 0.06 0.20 0.06 
-0.12 1.00 -0.22 0.02 -0.22 -0.20 
0.23 -0.22 LOO 0.63 0.99 0.82 
0.06 0.02 0.63 1.00 0.69 0.72 
0.20 -0.22 o;gg 0.69 1.00 0.86 
0.06 -0.20 0.82 0.72 0.86 LOO 
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velocity and the  helium-hydrpgen r a t i o  were, therefore, not w e l l  
correlated i n  e i ther  quiet o r  disturbed times. 
possible increase i n  nHe/nH with increasing solar  cycle (see Figure 14,  
To further test  the 
page 47) the  10.7 cm solar  radio f lux measured at O t t a w a  was  correlated 
t o  
of "He/nH gave a correlation coefficient of 0.19. 
ences produced by t i m e  lag between the radio f lux and nHe/nH, averages 
over 28 day periods were correlated. 
coef f ic ient  t o  0 40. 
The average of the daily rsdio f lux  and the daily average 
To remove the differ- 
This increased the correlation 
A study relat ing the helium-hydrogen ra t ios  and the Kp geomag- 
netic. indices averaging both over 3 hours and over a day produced 
correlation coefficients of 0.27 and 0.34, respectively. 
Gosling; -- e t  d. [196'7b] were the first t o  observe enhancements i n  
the solar  wind helium following solar act ivi ty .  They observed alpha 
fluxes near the t i m e  of the main phase of a geomagnetic storm on 
April 17-18, 1965. 
r a t i o  of 0.17 about 5-1/2 hours a f t e r  a sudden commencement on May 30, 
ORilvie [I9681 reported a helium t o  hydrogen density 
1967. Ogilvie -- e t  al. E19681 later reported increases i n  %'JnH follow- 
ing two other magnetic storms on June 5 and June 25, 1967. 
[1968b] detected a jump i n  %e/% t o  about 0.18 about 6 hours after a 
geomagnetic storm on January 13-14, 1967. 
hydrogen r a t i o  re la ted t o  solar  wind disturbances have also been studied. 
Bame e t  al. 
Enhancements i n  the helium- 
Table IV lists all the dates between July 1965 and July 1967 when the  
daily average of %e/% was greater than 0.08. 
of course, twice the average r a t i o  reported above. 
The value of 0.08 is ,  
Table IV also 
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TABLE I V  
HIZIUM-HYDROGEM RATIO RELATED TO FORBUSH DECREASES AND. - SUDDEN COMMBNCEMENT GEOMAGNETIC STORMS 
Bates when AucorPpenied by Accomgurled by 
6-08 Forbush Decrease B.C. Geomagnetic Storm 
8/6/65 No No 
8/17/65 Y e s  Y e s  
Y e s  Y e s  3/23/66 
6/24/66-6/25/66 Y e s  Y e s  
8/31/66 
9/3/66 
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
? 
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
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,indicates whether or  not the enhancement i n  nHe/nH was  accompanied by 
sudden commencement geomagnetic storms and Forbush decreases. O f  the  
1 4  days when the daily average was, greater than 0.08, 13 were accompanied 
by geomagnetic storms and 12 were accompanied by Forbush decreases. 
There were 12 other times when both Forbush decreases and sudden com- 
mencements occurred simultaneously. Although the daily average for 
%e/% was less than 0.08 f o r  these times, enhanced nHe/nH values for  
individual spectra were observed i n  all cases. 
the  individual values of 
hours of the sudden commencement. 
average of 
The Deep River neutron monitor data are also plotted on the figure; a d ,  
the  times of sudden commencement geomagnetic storms are indicated. Bote 
the increases i n  %,/nH tha t  follow sudden commencements and Forbush 
decreases. 
For most of these events, 
rose t o  greater than 0.1within a f e w  
Figure 18 is a plot of the  daily 





DISCUSSION ANI) CONCLUSIONS 
In t h i s  chapter cer ta in  conclusions are deduced from the results 
given in the  previous chapter. Discussions of the conclusions are given. 
I. LONG TEEM AVERAGE OF HELIUM TO HYDROGEN DENSITY RATIO 
This study obtained a long term average of the  hel iumto hydrogen 
density r a t i o  which is  s l igh t ly  less than previously reported [Neugebauer 
- and Snyder, 1966a,b; Hundhausen e t  al. ,' 1967aI. The average fo r  a two 
year period w a s  0.037. Although individual values varied widely, being 
quite large at  times, the occasional periods of high helium abundance 
did not greatly affect  the long term average. For example, only 2% of 
the time were the ra t ios  greater than 0.1. For a 40 day period i n  mid-  
1965 a r a t i o  of 0.043 w a s  obtained. 
0.042 obtained by Hundhausen e t  al. [1967al for  the same period. A sim-. 
ilar comparison with Neugebauer and Snyder [1966a,b] w a s  not possible as 
the times of t he i r  observations did not overlap the period covered i n  
th i s  paper. It is concluded tha t  the long term average of %e/% ob- 
tained here and the earlier reports shaw a r e a l  difference which results 
This compares favorably with the 
from different conditions of the  solar wind at the times of measurement. 
Because th i s  study used a larger  sample of solar  wind data, measured 
.over a longer period of t i m e ,  the average helium t o  hydrogen density 
r a t i o  obtained here gives the best estimate t o  date. 
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11. COMPARISON OF SOLAR W I N D  AND SOLAR SURFACE 
The average of the  solar  wind helium-hydrogen r a t i o  w a s  found t o  
be less than the values reported fo r  t he  "solar surface" helitun-hydrogen 
ra t io .  The recent value of 0.063 2 0.015 reported by Lambert [19671 is 
the lowest value obtained fo r  t he  "solar surface" helium-hydrogen ra t io .  
Neither the average of the solar  wind helium-hydrogen r a t io ,  0.037 f. 25%, 
nor the estimated r a t i o  of the t o t a l  amount of helium released in to  the  
* 
so lar  wind during the two years of observation t o  the t o t a l  amount of 
hydrogen released i n  the same period, 0,037 also, was within the error  
bars for  Lambert's value, 
helium-hydrogen r a t i o  Zs less than the  "solar surface" rat io .  
Hence, it is concluded that the  solar  wind 
111. SEPARATION OF HELIUM AND HYDROGEN 
IN THE SOLAR ATMOSPHERE 
The conclusions tha t  the solar wind and "solar surface" helium- 
hydrogen r a t io s  are different implies t ha t  mechanisms ex is t  which 
separate the  helium i n  the  solar  atmosphere from the hydrogen. Gravita- 
t i ona l  forces produce s t r a t i f i ca t ion  of the constituents i n  an atmosphere. 
The scale height of a constituent of mass m and temperature T i s  
Note that the scale height f o r  hydrogen, w i t h  a mass one-fourth tha t  of 
helium, is  four t i m e s  the scale height of helium indicating that the  
helium.is re la t ively more p len t i fu l  i n  the lower region of the atmosphere. 
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When an atmosphere is ionized the condition is somewhat different.  If 
t h e  atmosphere is  principally composed of ionized hydr.ogen, the  scale 
height is 
Assuming the  electrons and hydrogen ions are i n  tliermodynamic equilib- 
rium, i.e. T$= Te = T, the scale height becomes 
Thus, the scale  height f o r  ionized hydrogen is  twice that f o r  neutral  
hydrogen. This difference is accounted fo r  by an e lec t r i c  f i e l d  pro- 
duced by gravitational separation of t he  hydrogen ions and electrons. 
The scale height f o r  ionized hydrogen can then be written 
The force due t o  the e l ec t r i c  ?field cancels half the force due t o  grav- 
i ty .  Hence, the e lec t r ic  f ield can be obtained from 
til 
Assuming helium to-be  a t race  constituent .of tho atmaphere, t he  helium 
Substituting f o r  eE, the  helium scale height becomes 
Thus, the scale height fo r  ionized helium i s  only s l i gh t ly  greater than 
fo r  neutral  helium but one-third tha t  fo r  neutral  hydrogen. There is 
even greater separation of helium and hydrogen i n  an ionized atmosphere. 
The e l ec t r i c  f i e l d  produced by gravitational separation of the hydrogen 
ions and electrons produces a greater aslount of s t r a t i f i ca t ion  with 
helium relat ively more abundant near the bottom of the atmosphere. 
discussion w a s  taken i n  par t  from Haymes [1964]. 
This 
This problem has been worked out with greater generality, assum- 
ing a varying gravitational force and isothermal atmosphere, by Parker 
[1963]. 
of s t r a t i f i ca t ion  obtained here and by Parker [19631. 
Adding a variation i n  temperature yields the same general result 
This use of scale heights is  applicable only t o  atmospheres where 
hydrodynamic equilibrium exis ts .  
hydrodynamic equilibrium i n  the.region where the  solar  wind originates,  
Although the  solar  corona is  not i n  
the assumption should apply i n  the  chromosphere and lower corona. Grav- 
i t a t i o n a l  s e t t l i n g  of helium fromthe corona could be inhibited by the  
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o lar  wind rep0 arison 
of the  rate at which helium can set t le  out is about 
at which the solar  corona is  expanding in to  t h e  so la r  wind, 
11965, 19661 studied the  radial diff is ion of constituents of tihe so la r  
corona and chromosphere. He  considered thermal diffusion and diffusion, 
due t o  the  pressure gradient i n  the  lower corona and chromosphere. 
found tha t  diff’usion could produce an enhanced helium-hydrogen r a t i o  i n  
the lower corona near the temperature maxim,  thekeby, decreasing the  
solar  wind’s helium-hydrogen rat io .  
He 
IV. VARIATIONS IN THE HELIUM-HYDROGEN RATIO 
Rapid variations i n  the solar  wind helium-hydrogen r a t i o  are 
observed even from one spectral  measurement t o  the next (256 seconds ) . 
Assuming a solar  wind velocity of 400 km/sec, th i s  implies tha t  these 
changes occur i n  regions approximately 10 
radius) i n  s i z e .  
5 km (one-sixth the sun’s 
(If one considers t ha t  the  so la r  wind originates from 
the corona near 5-10 solar  r ad i i ,  the re la t ive  s i z e  of the regions over 
which one spectral  measurement i s  made .is much s m a l l e r . )  
suggested that turbulent mixing within the  soLar atmosphere acting with 
diffusion could produce substantial  fluctuations i n  the solar wind’s 
helium-hydrogen rat io .  
Jokipii  [1965] 
I”ne occasional large jumps i n  the so lar  wind helium-hydrogen 
since they follow sudden 
ush decreases. [ 196681 has 
the solar wind direct ly  
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from the  chromosphere following a f la re .  
also related increases i n  the solar  wind helium-hydrogen r a t i o  t o  the 
Hirshberq -- e t  al. E19681 have 
driver gas produced deep within the corona during a flare. One would, 
therefore, actually be sampling the composition of the so la r  corona o r  
chromosphere during these periods of high helium content. The model of 
an enriched chromosphere and lower corona, as discussed earlier, agrees 
w i t h  the  suggestions of Gold [1966a] and Hirshberg e t  al. [1968]. 
driver gas could force par t  of the helium enriched chromosphere o r  
The 
corona out in to  the solar wind from the region above the flare. 
S t i l l  another possibi l i ty  f o r  explaining the  helium enrichment 
of the solar wind and solar cosmic rays following f l a r e s  is tha t  thermo- 
nuclear reactions converting H t o  H e  could occur during f la res .  
Severnyi & Shabanski [1961] showed tha t  during flares temperatures 
high enough t o  allow thermonuclear reactions were produced. 
during f l a r e s  could account f o r  the helium-hydrogen r a t io  jumping t o  
0.2, a r a t i o  greater than the expected chromospheric value. 
not only produces additional helium but decreases the re la t ive  hydrogen 
Fusion 
The process 
abundance i n  doing so. 
The possibi l i ty  of a solar cycle influence on the helium-hydrogen 
r a t i o  has been suggested from Figure 14,  page 47. Similarly, the 10 day 
averages of n&nH indicate that  the solar  wind is  filamented w i t h  
respect t o  nHe/nH accounting fo r  the large variations from one coronal 
replenishment period t o  the next. The various levels of tha t  
were observed at different t i m e s  mey actually originate from different 
heights i n  the so la r  corona, as s,uggested by Gold [1966aJ. Times when 
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originates from regions of higher helium content ,exist. 
V. RELATION OF nHe/nH TO OTHER SOLAJ3 WIND P-S 
This study shows that the helium-hydrogen r a t i o  is  not strongly 
correlated t o  the other so la r  wind plasma parameters of density, bulk 
velocity, and temperature. 
velocity are increased by an increase i n  solar  act ivi ty ,  the two are not 
Although both nHe/% and the  hydrogen bulk 
strongly correlated i n  e i ther  periods of average or  enhanced helium con- 
t e n t .  
sist fo r  longer periods than the increases i n  t h e  helium-hydrogen rat io .  
Increases i n  velocity and temperature due t o  solar ac t iv i ty  per- 
VI. COMPARISON OF ION VEZOCITIES 
The results obtained here verify the ea r l i e r  reports t ha t  the 
helium and hydrogen bulk veloci t ies  are equal. Because the Vela 3 elec- 
t ro s t a t i c  analyzers have a high degree of energy resolution, t he  velocity 
determinations for  both ions are quite good. 
the ions appear t o  be a na tura l  consequence of the phenomena of "frozen 
The equal velocit ies of 
i n  flux". The explanation i s  as follows: Assume t he  sun's magnetic 
f ield i s  frozen in to  t h e  solar wind plasma and i s  pulled out from the 
sun at a velocity$. 
oriented at some angle e(@ 
Figure 19).  
Assume &Is0 that the sun's magnetic f ie ld  is 
90") with the radial direction (see 
In the frame of reference moving w i t h  the magnetic f ield,  
There is  no e l ec t r i c  f i e ld  i n  strength is assumed t o  be s'. 
e is  basically what the "freezing in" of magnetic 
B 
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f ie lds  means). The magnetic f i e ld  then transforms as 
where ?$ is  the magnetic f i e l d  i n  the  stationary frame. 
transformation of an e lec t r ic  f i e ld  from a stationary frame t o  the moving 
frame is 
The equation for 
But t' -- 0, thus, i n  the stationary frame 
So, there is  an e lec t r ic  f i e l d  produced i n  the stationary frame. Because 
there are crossed % and ?i f ie lds  i n  the stationary frame, an % x% drift 
w i t h  velocity 
is produced. 
the ions i n  the  solar wind t o  flow together at the  same velocity. 
This drift velocity i s  the same for  ions causing all 
VII. COMPARISON OF ION TWERATURES 
One can see from Figure 17, page 52, that the helium t o  hydrogen 
temperature r a t i o  is rarely unity. In  fac t ,  TH~/TH is  observed t o  be as 
high as 10.0. This indicates a lac 
tween the so la r  wind ion species at  
exis ts  which heats the heli  
the hydrogen. The details 
preferent ia l  heating have not been worked out. 
actions have been suggested 
been demonstrated quantit 
gested, t ha t  ion reflections of9 shock f ronts  could acIc0-t f o r  the 
temperature differences i n  solar wind ions. 
and Spyder C1966bI sug- 
Bane e t  al. [1968a] suggest tha t  only during periods when THe = TII --- 
does one sample more nearly 
solar wind originates. A t  
do not 
helium 
bear any resemblance 
The average ratio.  of 
and hydrogen ions i n  
The distribution f o r  THe/TH 
the conditions e solar corona where the 
other t i m e s  wh TH the temperatures 
es t h a t ,  on the average, 
the solar wi al random velocit ies.  
s that  dthough . 
the average is 4.0, substantial  var ia t  
mon . 
from this r a t i o  are not uncom- 
1 
V I I I .  MODEL OF SOLAR H -HYDROGEN RATIO 
A composite model of the solar sphere and solar wind helium- 
gen r a t i o  can be formed. A pic description is 
. The helium-hydroger, r a t i  enhanced i n  the 
. corona because of gravitat  
scopic measurements i n  solar promine 
sett l i .ne of he1 
y ie ld  the higher helium-hydrogen 
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ra t ios  of the  chromosphere and lower corona. 
chromosphere, the solar  cosmic rays produced during flares reflect the 
higher helium-hydrogen rat io .  
Since flares occur i n  the  
Likewise, flares can release gas at so la r  
wind energies direGtly from the chromosphere and lower corona causing 
sudden inoressesa i n  "Be/nH whioh are atwociated with sO&&r wind diatur- 
bances at 1 A.U. In quiet times the solar  corona expands into the so la r  
wind i n  regions of the corona where 
regions on the  solar  disk, such as plages and S~n8pOt8, could heat the 
S 0.04. However, active 
corona t o  a higher temperature causing the solar  wind t o  originate from 
a lower leve l  i n  the corona where the  helium-hydrogen r a t i o  is higher. 
date i n  the photosphere o r  actual solar  surface. Because the chromo- 
spheric and lower coronal regions are  believed t o  have higher helium- 
hydrogen ra t ios ,  spectroscopic and cosmic rw values should not be taken 
as representative of the solar surface value. Likewise, the solar  wind 
probably originates from a region of t he  solar atmosphere which has a 
reduced helium abundance because of gravitational se t t l ing .  
words, t he  sun does not'release helium and hydrogen in to  the solar  wind 
with the  same r a t i o  that exis ts  on the solar  surface (photosphere). 
I n  other 
Because the  surface layer 's  elemental composition has not changed appre- 
ciably during the 4.5 b i l l i on  year l i f e  of the sun, the photospheric 
, 
helium-hydrogen r a t i o  can be taken as the primordial value. 
the primordial helium-hydrogen r a t io  of the  sun is s t i l l  uncertain. New 
methods f o r  measuring the photospheric r a t i o  o r  for obtaining it through 
Therefore, 
e -  . 
calculations are required. 
CHAPTEX3 V I  
SUGGESTED AREAS FOR FUTURE RESEARCH 
Because of arguments given i n  t h i s  paper, no measurements of the  
solar  hydrogen-helium r a t i o  made t o  date should be taken a8 the  photo- 
spheric value. However, one may be able t o  use the  average obtained 
here for  the so la r  wind helium-hydrogen r a t i o  as a boundary condition 
for  a theoret ical  calculation which extrapolates back t o  t h e  so la r  sur- 
face. This problem i s  suggested fo r  follow-on research. 
This study has shown tha t  a possible dependence of the  so la r  wind 
helium-hydrogen r a t i o  on the solar  cycle may exis t .  
important result that  should be studied fur ther ,  
Vela and other satellites are available t o  tes t  the result. 
This is  a very 
Sufficient data from 
Studies.using’the Vela 3 data i n  Appendix C should be made on 
periods of extreme conditions, i .e. when the helium-hydrogen r a t i o  is  
very low and when it is very high. 
high and low veloci t ies ,  temperatures, densit ies,  and fluxes should be 
examined t o  obtain a bet ter  understanding of conditions during these 
periods. 
served i n  the  solar  wind. 
In addition, periods of extremely 
O f  par t icular  interest are periods when shocks have been ob- 
By studying the behavior of the  helium t o  
hydrogen temperature r a t i o  around the t i m e  of a shock, one may be able 
t o  obtain an ins ight  in to  the acceleration mechanisms of solar  flares. 
A study of the filamentation, with respect t o  the helium-hydrogen 
yatio, i n  the solar  wind would also be of , interest .  
filaments should be related t o  magnetic sectors of the solar  wind dis- 
cussed by McCracken and Ness [19661. 
In  particular,  the 
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--- Geiss e t  a l .  119691 studied the g ions of motion for 
ions in fhe acceleration region of the solar wind. H e  oonclu6ed that a 
correlation between the solar wind helium-hydrogen ratio and the hydro- 
gen flux should exist.  Preliminary analysis of data from this’study 
indicates a very small negative correlation of these two parameters. 
This problem should be resolved. 
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APPENDIX A 
ORBIT OF ION I N  AN ELECTROSTATIC ANaLYZW 
Assume that the potential  across the plates of a concentric hem- 
ispherical  place e lec t ros ta t ic  capacitor is  Vo. Assume the inner radius 
t o  be R1 and the outer radius to  be R2. The potential  between the  
plates is given by 
Because of spherical symmetry, a l l  the spherical harmonic terms vanish 
except 1 = m = 0, i .e .  Ylm = 0, 1 # 0, m # 0. For 1 = m = 0,  Yoo = 1. 
Thus, the  potential  reduces t o  
"he potential  a t  the outer plate i s  assumed t o  be V0/2 and the  potent ia l  
at the inner plate  i s  assumed t o  be -V0/2. 
across the p la te  is  Vo. 
The difference i n  potential  
From Equation (A2) one then has 
and 
77 
Subtracting Fquation (Ab) from Equation (A3). aad Bolvipg for Boo one 
obtains 
. 
The e lec t r ic  f i e l d  between the plates is then given by 
The force between the plates on a par t ic le  of charge Q is 
Define a constant K as 
so t ha t  
78 
Thus one can see tha t  the force is  inverse square. 
[1950] the  orb i t  of a par t ic le  of mass m, t o t a l  energy W, and angular 
momentum L i n  an inverse square force f i e l d  of constant K is given by 
From Goldstein 
For a par t ic le  of velocity vo incident upon the analyzer's aperture at a 
distance r from i ts  center and a t  an angle @ with the normal t o  the 
aperture, t h e  angular momentum is given by 
. 
0 
Figure 21 i l l u s t r a t e s  the assumptions. 
both the t o t a l  energy and the angular momentum are conserved. 
t o t a l  energy W is  equal t o  the i n i t i a l  kinetic energy To before ' the 
Since the force is conservative 
Thus the  
par t ic le  enters the aperture. Since T = mv 2 /2, L 2 can be written as 
0 
Then Equation ( A l l )  reduces t o  
79 
Figure 21. Physical characteristics of electrostatic analyzer required 
to define the orbit of an ion between the plates. 
Define a constant C as 
Equation (A14) reduces t o  
Note tha t  ro c o s 4  can be thought of as the impact paraneter for  the 
center of t he  analyzer. Note a l s o  tha t  besides the radius and angle of 
incidence, the orb i t  only depends on the par t ic le ' s  incident energy per 
charge To/Q. 
APPENDIX B 
FORBUSH DECREASES AND GEOMAGNETIC DISTURBANCES 
Some large solar  flares produce measurable changes i n  earth 's  
magnetic f ie ld  and the intensi ty  of galactic cosmic rays as measured at 
the earth's surface. 
the  flare and are associated w i t h  the a r r iva l  at the earth of a high 
density plasma cloud at solar wind velocit ies.  
cloud i s  produced as a resu l t  of the f la re .  
vior of both the  hori&ontal component of the  earth 's  magnetic f i e l d  and 
a high latitude neutron monitor. 
These changes occur from one t o  three days after 
I 
This high density plasma 
Figufe 22 shows the beha- 
The changes i n  the earth 's  magnetic f ie ld  occur first as an in- 
crease of the horizontal component and then a large decrease i n  the 
f i e l d  strength. 
of the geomagnetic storm and is  produced by the  compression of the 
earth's magnetic f i e l d  as a resul t  of a higher solar  wind par t ic le  pres- 
sure. 
falls t o  a value lower than the prestorm level.  
the magnetic f i e l d  strength is called the main phase of the magnetic 
storm. 
The first rapid jump i s  called the sudden commencement 
The horizontal component i s  enhanced for  an hour o r  so and then 
The large decrease i n  
Large depressions i n  the neutron monitor counting rate tha t  are 
associated with solar  flares are called Forbush decreases, named after 
t h e i r  discoverer [ Forbush, 19541. 
ary neutrons produced by galactic cosmic rays. 
counting rate occurs because the high density plasma ejected as a result 
of the  flare has higher intensi ty  magnetic fields frozen into the  plasma. 
The neutron monitors measure second- 
The decrease i n  the  
SOLAR COSMIC RAY 
ENHANCEMENT 
/seen on run occos/oIIs) 
HIGH LATITUDE NEUTRON 
MONITOR COUNTING RATE 
EARTH'S HORIZONTAL 
MAGNETIC FIELD 
0 1 2 3 4 5 
TIME AFTER SOLAR FLARE (days) 
Figure 22. Typical time sequence of magnetic storm and Forbush 
decrease produced by solar flare. 
83 
These higher magnetic fields act as magnetic shielas to reduce the flux 
of primary cosmic rvs in the earth's atmosphere and thereby reduce the 
secondary neutron counting rate. 
solar cosmic rays can produce an enhanced neutron flux a few hours after 
Note that on rare occasions primary 
the flare. 
that preceed the particles producing the geomagnetic storm and Forbush 
decrease. 
This enhancement is caused by high energy (MeV-BeV) particles 
The 5 index mentioned in this paper is a qiasi-logarithmic 
function that measures the relative amplitude of geomagnetic fluctua- 
t ions . The 5 index is an average of another subjective measurement of 
geomagnetic disturbance, the K index, reported by 12 observatories at a 
range of latitudes. The K indices are reported every 3 hours by the 12 
observatories and give a subjective value to what that observatory's 
observer-in-charge "feels" is the state oT geomagnetic activity. 
K and 5 indices can range from 0 to 9. 
extremely calm period while a value of 9 represents a time of violent 
Both 
A report of 0 corresponds to an 
fluctuations. . 
APPENDIX c 
TABULATION OF REDUCED DATA 
The reduced data for  each of the  10,314 spectra used i n  t h i s  
study are given i n  t h i s  appendix. The quantit ies l is ted i n  the 10 col- 
umns are: 
1. DATE--The date on which the spectrum w a s  measured, given as 
year, month, and day of month. 
2. TIME--The universal t i m e  i n  seconds at bhich the measurement 
of t h a t  spectrum commenced. 
3. BD--The satell i te on which the  spectrum was  taken, i .e.  V e l a  
?A or 3B. 
4. APRl--The best  estimate value of t he  helium t o  hydrogen den- 
s i t y  r a t i o  for  the spectrum taken at TIME on DATE given 
and on the  satel l i te  BD. 
5 .  APR2--The upper l i m i t  estimate fo r  the  helium t o  hydrogen 
density ra t io .  
6. DENSITY-The hydrogen density at  TIME and DATE given. 
' 7. 
8. 
9. . A  VEL--'Y!he helium bulk velocity at  TIME and DmE. 
P VF,L--The hydrogen bulk velocity a t  TIME and DATE. 
P, TEMP--The hydrogen temperature at TIME and DATE. 
10. A TEMP--The helium temperature at TIME and DATE. 
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